Tobamoviruses, mostly isolated from solanaceous plants, may represent ancient virus lineages that have codiverged with their hosts. Recently completed nucleotide sequences of six nonsolanaceous tobamoviruses allowed assessment of the codivergence hypothesis and support a third subgroup within tobamoviruses.
Introduction
The evolutionary past of viruses is difficult to decipher because viruses have left no fossils and their genomes show evidence of recombination.
Each group of related viruses likely has its own distinct evolutionary history. Some viruses, for example, human immunodeficiency virus type 1, have arisen in the recent past by species "jumping,"
infection of a new species followed by adaptation to it. A recognizable ancestor of other modern viruses may already have been present in the ancestral host species that gave rise to all modern hosts of members of the virus family. Codivergence of bunyaviruses with their mosquito hosts has been proposed (Eldridge 1990) . Codivergence is also thought to have occurred in the poxviruses, tymoviruses, and tobamoviruses (Ward et al. 1995) . Molecular sequence comparisons of tobamoviruses (Gibbs 1986; Lartey, Lane, and Melcher 1994; Fraile, Aranda, and Garcia-Arena1 1995; Aguilar et al. 1996) show that those isolated from solanaceous plants are more closely related to one another than to a tobamovirus from cucurbits and one from legumes. The recent availability of the genome sequences of additional nonsolanaceous tobamoviruses allows a more critical assessment of the codivergence hypothesis (Gibbs 1986) .
Tobamoviruses constitute a group of plant viruses having single positive-sense RNA molecules as genomes and forming rod-shaped virions consisting of RNA and coat protein (CP) molecules of approximately 17 kDa (Lewandowski and Dawson 1994) . The genomes ( fig. 1 ) are capped at the 5' end and have a tRNA-like structure at the 3' end. Characterized tobamoviral genomes encode four or five polypeptides.
Two polypeptides are translated beginning at the same 5 '-proximal initiation codon and function in viral RNA replication. The longer is formed by suppression of termination at a single UAG codon near the middle of the genome (Beier et al. 1984) . The shorter polypeptide contains motifs identifying it as a methyltransferase (MT) active in RNA capping and an RNA helicase (Hel) (Hodgman 1988; Gorbalenya and Koonin 1989; Rozanov, Koonin, and Gorbalenya 1992) . The longer polypeptide contains, in addition, motifs identifying the C-terminal domain as an RNA-dependent RNA polymerase (RdRP) (Koonin 199 1) . In vitro synthesis of a 54-kDa polypeptide from the read-through region has also been reported, although its in vivo significance is unclear (Golemboski, Lomo-nossoff, and Zaitlin 1990) . A polypeptide required for intercellular movement of the virus (movement protein, MP) and the CP polypeptide are translated from subgenomic mRNAs derived from the 3' part of the tobamoviral genomes.
Tobamoviruses have been classified into two subgroups (Fukuda et al. 1981 ) which have different genomic locations of their origin of virion assembly. For subgroup 1 tobamoviruses (most of which infect solanaceous plants), the origin of assembly is located ( fig. 1) within the MP open reading frame (ORF), whereas for subgroup 2 tobamoviruses (sunn-hemp mosaic virus [SHMV] and cucumber green mottle mosaic viruses [CGMMV] ) the site is within the 3'-terminal ORF encoding the CP (Fukuda et al. 1980, 198 1) . Subsequent comparisons of MT-He1 peptide fragmentation patterns (Fraile and Garcia-Arena1 1990) and of CP amino acid compositions (Gibbs 1986) , and the identity of carboxylate pairs in the CP (Wang et al. 1993 ) supported this subdivision of the tobamoviruses, as did phylogenetic analysis of the available gene sequences. The subdivision is also supported by the gene organization in the MP-CP region ( fig. 1 ). In the genomes of subgroup 1 viruses, the ORFs for these two proteins are separated by two nucleotides (tobacco mosaic virus, strains vulgare [TMV] and Ob [TMV-Ob] , tomato mosaic virus, pepper mild mottle virus [PMMV] , and odontoglossum ringspot virus [ORSV] ) or five nucleotides (tobacco mild green mosaic virus [TMGMV] ). In the genomes of subgroup 2 viruses, the MP and CP ORFs overlap by seven and two thirds codons in CGMMV and eight and two thirds codons in SHMV.
Except for ORSV, which is common in cultivated orchids, sequenced subgroup 1 viruses were originally isolated from solanaceous plants. The two subgroup 2 viruses whose genomes have been sequenced were isolated from nonsolanaceous plants (cucurbits and legumes). The differences between solanaceous tobamoviruses and nonsolanaceous tobamoviruses reflects the fact that cucurbits and legumes are more closely related to each other than either is to solanaceous plants and led to the suggestion that tobamoviruses are ancient viruses that have codiverged with the angiosperm lineages (Gibbs 1986 ). Complete nucleotide sequences for two nonsolanaceous viruses (ORSV and SHMV), for which 3' end sequences had only been available, have recently been determined (Ryu and Park 1995; Silver, Quan, and Deom 1996) . Further, the complete nucleotide sequences of four tobamoviruses isolated from crucifers have recently become available (Dorokhov et al. 1994a; Lartey, Voss, and Melcher 1995; Aguilar et al. 1996) .
The first tobamovirus pathogenic to crucifers to be isolated was Holmes' ribgrass mosaic virus (RMV), originally known as the ribgrass strain of TMV (Holmes 1941) . RMV was among the tobamoviruses used to establish that the genetic information determining symptom phenotype was contained in the RNA rather than the CP (Fraenkel-Conrat and Singer 1957). In recent years, additional tobamoviral isolates pathogenic to crucifers have been described. They have been collectively classified as the Holmes' ribgrass subgroup of tobamoviruses (Oshima, Ohashi, and Umekawa 1974) based on host range (Wetter 1986 ) and vii-ion amino acid composition (Chessin et al. 1980; Gibbs 1986 ). The relationship of the Holmes' ribgrass subgroup relative to the tobamoviral subgroups 1 and 2 is uncertain. Analysis of the proteolytic fragmentation patterns of RMV MT-He1 polypeptides (Fraile and Garcia-Arena1 1990) suggested that RMV and related viruses do not belong to either subgroup 1 or 2. Preliminary analysis of RMV coat protein three-dimensional structure (Wang et al. 1993; Wang and Stubbs 1994) also indicated that RMV is distinct from other tobamoviruses.
The UV spectra and cyanogen bromide fragmentation patterns of the turnip vein-clearing tobamovirus (TVCV) CP suggested that the virus is a member of the Holmes' ribgrass subgroup (Lartey, Lane, and Melcher 1994) . Nucleotide sequencing of the TVCV MT-He1 coding region allowed prediction of the polypeptide sequence. Phylogenetic analysis of amino acid sequences predicted for this region indicated that TVCV has a distinct position in the tobamovirus classification. The nucleotide sequence determination of the TVCV genome has recently been completed (Lartey, Voss, and Melcher 1995) and confirmed a close relation of its CP to that of RMV. Comparison of the complete sequence with that of a crucifer-infecting strain of TMV originally designated Cr-TMV (Dorokhov et al. 1993 (Dorokhov et al. , 1994a suggests (Aguilar et al. 1996) that Cr-TMV is a strain of TVCV. Similarly, the nucleotide sequences of Chinese rape mosaic virus and another crucifer-infecting isolate, TMV-Cg (DDBJ accession no. D38444), suggest that they are strains of the same virus, designated oilseed rape mosaic virus (ORMV) (Aguilar et al. 1996) . The genome organizations of the crucifer-pathogenic tobamoviruses differed from those of other tobamoviruses in that its MP and CP ORFs overlap by 77 nucleotides ( fig.  1 ).
Nucleotide sequence comparisons and the finding of a different organization of MP and CP ORFs suggest (Aguilar et al. 1996) that the crucifer-pathogenic tobamoviruses constitute a subgroup distinct from subgroup 1 and 2 tobamoviruses.
We sought to evaluate this suggestion further by phylogenetic analysis. In addition, the subgroup 3 sequences, together with the recently completed nucleotide sequences of SHMV and ORSV, permitted a reevaluation of the suggestion that tobamoviruses are ancient, having codiverged with their hosts.
Materials and Methods
Percentage residue identities were calculated for pairwise comparisons of nucleotide sequences aligned by gap translation (Melcher 1990 ) using the MEGA v.1 .O.l software package (Kumar, Tamura, and Nei 1993) . MEGA was also used to determine codon-position-dependent base compositions and codon frequencies of selected regions. Codon frequencies were converted to fractional codon prevalences (the fraction that a given codon represents of all codons specifying the same amino acid) by dividing each mean codon fre- Staggering of boxes for coding regions indicates that the two regions overlap. Gap in TVCV RNA and MP coding region indicates region of nucle%des missing relative to TM< quency determined by MEGA by the total of the codon frequencies coding for the same amino acid.
The predicted TVCV amino acid sequences of the 125K polypeptide (including MT and He1 domains), the C-terminal 54K of the 182K polypeptide (containing the RdRP domain), the MP, and the CP were used as the query sequence in a BLASTP (Altschul et al. 1990) search to identify all tobamoviral amino acid sequences present in databanks (nonredundant compilation, release date: June 4, 1996). Complete, infectious, nonambiguous, and nonduplicated sequences were aligned with one another using methods previously described (Melcher 1990 Phylogenetic relationships were inferred from the aligned amino acid sequences by neighbor joining and by simple and bootstrapped parsimony methods. Parsimony analysis was done by the Phylip 3.5 software package (Felsenstein 1989) . Gamma distances were calculated and trees were constructed by neighbor joining (Saitou and Nei 1987) using MEGA software. The distribution of numbers of changes per site calculated by parsimony was used to estimate the "a" parameter of the gamma distribution. Inconsistent branching of simple parsimony and neighbor-joining trees was resolved by collapsing branches. CP-MP overlap regions were aligned as previously described (Melcher 1990) and by the progressive alignment strategy (Feng and Doolittle 1987) implemented in PILEUP (GCG Sequence Analysis Software Package v. 8.0, Madison Wis.) and analyzed by bootstrapped parsimony. MP amino acid sequences were aligned using PILEUP and by gap translation (Melcher 1990 ). The calculation of scores for the similarity of one set of sequences with another, the production of shuffled sequences for determination of alignment significance, and the calculation of significance scores were done as previously described (Melcher 1990 (Melcher , 1993 .
Results
Assignment of a collection of viruses to a subgroup suggests that each member is more similar in most characteristics to others of the subgroup than any member is to one of another subgroup. Among the four cruciferinfecting tobamoviral genomes, genes are organized in closely similar ways. The ORMV isolates have 12 fewer nucleotides than TVCV at positions 1931-1942 and three extra nucleotides after position 5535. The 5' end was GUUU in the Oklahoma strain of TVCV, and GUUUU in the other sequences. In the aligned genome sequences, the ORMV MP ORF began nine nucleotides 3' of the start of the TVCV ORE Consistent with the greater similarity between strains than between viruses of CP and MP amino acid sequences (Aguilar et al. 1996) , nucleotide sequence similarities in the MT, Hel, and RdRP regions were also greater between strains than between viruses (table 1). The nucleotide sequence of NOTE.
-sequences used were nucleotide sequence database entries 229370 (Cr-TMV), U03387 (TVCV), D38444 (TMV-Cg), and U30944 (CRMV). Values were calculated from p-distances determined by MEGA. Parentheses contain the ratios of numbers of synonymous to nonsynonymous substitutions calculated by MEGA. , and methyltransferase (0. Tree topology was derived from bootstrapped protein parsimony by collapsing all branches occurring in less than 80% of the trees. Nonitalicized numbers on internal branches indicate the percent of bootstrapped parsimony trees that supported that branch. Branch lengths reflect gamma distances (gamma "a" parameters were: 3.9, A; 4.0, B; 3.0, C, 3.5, D; and 3.5, E) and are given (X 100) by numbers in italics (if greater than 0.03). Sequences were those listed in the footnote of table 1; those conceptually translated from GenBank/EMBL/DDBJ entries X02144 (ToMV, tomato mosaic virus), JO2415 (TMV, tobacco mosaic virus, vulgare strain), X681 10 (TMV-Kr, Korean strain), X82130 (ORSV, Odontoglossum ringspot virus, Korean sequence), M34077 (TMGMV, tobacco mild green mosaic virus, Spanish strain), M8 1413 (PMMV, pepper mild mottle virus), D13438 (TMV-Ob), D12505 (CGMMV, cucumber green mottle mosaic virus), L35074 (ToMV-Korean tomato mosaic virus), X72586 (PkMMV, paprika mottle mosaic virus), JO2413 (SHMV, sunn-hemp mosaic virus, a.k.a. TMV-Cc for movement and coat proteins); those obtained from SwissProt or PIR entries PO3580 (RMV-B and RMV-J), PO3571 (TMV-OM), PO3575 (TMV-dahlemense), PO3572 (TMV-Kokuba), PO3574 (TMV-06), PO3573 (TMV-ER), S24601 (TMV-Wang), and S 14468 (ORSV-E Odontoglossum ringspot virus, French sequence); and, for other SHMV sequences, those from Silver, Quan, and Deom (1996) . the MT-He1 region (Lartey, Lane, and Melcher 1994) and the MP and CP amino acid sequences (Aguilar et al. 1996) of TVCV are less than 60% identical to those of other characterized tobamoviruses.
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Within cruciferpathogenic tobamoviruses (table l), the 5' and 3' nontranslated regions were the most conserved, whereas the ~125 ORF was the most variable. The ~182 readthrough ORF had a ratio of synonymous to nonsynonymous substitutions greater than other regions, consistent with a greater resistance to change of the RdRP amino acid sequence, as previously reported for other tobamoviruses (Fraile, Aranda, and Garcia-Arena1 1995) .
The position of the origin of virion assembly is a criterion differentiating subgroup 1 and 2 tobamoviruses. Since the RNA-binding sites of tobamoviral CPs encompass three nucleotides and prefer a G in one position (Namba, Pattanayek, and Stubbs 1989), (GXX), repeats are probably origins of assembly. The crucifer-pathogenie genomes were rich in (GXX), between nucleotides
5400 and 5506. This region is homologous to the known TMV assembly origin (Jonard et al. 1977; Zimmern 1977) , thus supporting it as the assembly origin for crucifer-pathogenic tobamoviruses.
No (GXX),-rich sequences were found closer to the 3' end of the genome, as in subgroup 2 tobamoviruses (Fukuda et al. 1981 ). The probable MP gene position of the origin of assembly of the crucifer-pathogenic tobamoviruses suggests that they are more closely related to subgroup 1 than subgroup 2 tobamoviruses.
The 5 ' untranslated regions of the crucifer-pathogenic tobamoviruses, like other tobamovirus genomes, contained only one or two nontermitral G residues. The paucity of G's is thought to lessen the capsid's affinity for RNA, permitting easier uncoating (Mundry et al. 1991 ).
To test the relationship between crucifer-pathogenic and other tobamoviruses, we compared aligned amino acid sequences. The largest number of published amino acid sequences of a tobamoviral gene is for the CP region, and this region is thus considered first. The alignment of CP amino acid sequences used differed from that of Altschuh et al. (1987) in minor respects: the assignment of gaps between residues 63 and 69 was that of Gibbs (1986) : no gaps were allowed between residues 100 and 110; and the position assigned to the two missing residues near the C-terminus in RMV (and related viruses) differed. The crucifer-pathogenic tobamoviruses (including two strains of RMV whose CP sequences had been determined by peptide sequencing [Funatsu and Funatsu 1968 ; Jauregui-Adell, Hindennach, and Witt- with subgroup 3, but the significance of this observatia b ORSV-SHMV distances were more than two standard deviations (SD) from is uncertain due to the low bootstrap value.
the mean and are not included in these values.
Thus, with the exception of ORSV (and perhaI mann 1969; Wittmann, Hinnenbach, and Wittmann-Liebold 19691) were more similar to one another than any was to TMV. Each contained two tryptophan residues, consistent with spectrophotometric analysis of TVCV (Lartey, Lane, and Melcher 1994) . The positions of methionines in the predicted TVCV CP sequence were consistent with fragments generated by CNBr (Lartey, Lane, and Melcher 1994) . All except one of 25 conserved residues identified by Altschuh et al. (1987) were conserved in the TVCV, ORMV, and RMV sequences. Ala 120 was Ser in Cr-TMV, but was also altered in two other tobamoviral CPs. The RMV sequences differed from those determined by nucleotide sequencing in the presence of a his.gly.gly instead of a gly.his.gly tripeptide (residues 135-137). As position 135 is glycine in all other tobamoviral CPs, the transposition may be an artifact of peptide sequencing.
Furthermore, the nucleotide sequence of the RMV-B isolate (H. Wang, J. Culver, and G. Stubbs, personal communication) has the predicted peptide gly.his.gly in this region.
The parsimony and neighbor-joining trees for the CPs were congruent and revealed three clusterings of tobamoviruses ( fig. 2A ): subgroup 1, subgroup 2, and viruses pathogenic to crucifers, hereafter designated subgroup 3. Each of the clusters was found in each bootstrap resampling of the parsimony analysis. Within the subgroup 1 cluster, the branching order is less certain, as reflected by low bootstrap values for several of the branches.
Phylogenetic relationships were also determined for the MP, RdRP, Hel, and MT protein sequences ( fig.  2&E) , although fewer sequences were available for analysis of these regions. Distances (table 2) were greatest between MP sequences and least between RdRP sequences. The MT and CP distances were similar to one another, whereas the He1 distances were intermediate between those of CP and RdRP regions.
The subgroup clusters noted in the CP tree were also detected in the MP tree. In the parsimony tree TMV-Ob branched from the TMV-SHMV axis closer to subgroup 3 sequences than did TMGMV, whereas the two branched together in the neighbor-joining tree. Otherwise, the trees were congruent. The order of branching of PMMV and ORSV differed between MP and CP trees, but this difference was not supported by bootstrapping.
TMGMV and TMV-Ob), the tobamoviruses clustere according to the family of the host plant. Such clusterin could result from codivergence of virus and host p1a.1 in the lines derived from an ancient tobamovirus-infec ed common ancestor of flowering plants. Alternative! the clustering could represent the result of host selectia pressure acting on viral genomes adapted to infect then Periodic adaptation to new hosts predicts a nonunifon rate of sequence change. Uniformity of rate was teste by comparing the distances of subgroup 1 and subgrou 3 sequences from SHMV sequences, as representative of subgroup 2 sequences (table 2). A subgroup 2 gt nome was chosen for reference since an invariant ral would position the roots of the trees ( fig. 2 ) near th divergence of SHMV from CGMMV. For all but the C sequences, the distances were remarkably similar withi each region, the greatest percentage standard deviatio being only 3.0%. Distances from ORSV to SHMV wei significantly different from the others, being larger fc the MT, Hel, and RdRP regions and less for the M region. Such behavior is expected of a recombinant g( nome in which accelerated changes occur to adapt th two newly recombined segments to one another. The C distances showed considerable variation (8.7% standar deviation) with subgroup 3 distances tending to be large than others. A nonparametric test (Tajima 1993 ) wz also applied to subgroup 1 and 3 sequences, usin SHMV sequences as an outgroup. Consistent with th analysis of distances, for all but the CP region, equ; rates of evolution from a common ancestor could not lz rejected with any confidence (P < 0.2) for all viruse except ORSV. For the latter, equality of rate was COI fidently (P < 0.05) ruled out. For the CP region, con parisons were inconsistent with equality of evolutionar rates for paprika mottle mosaic virus (P < O.OS), an for ORSV, TMV-Ob, RMV, and ORMV (P < 0.1).
Larger subgroup 3 CP distances would be expecte if the N-terminal 25 amino acids of subgroup 3 CPs a~ not homologous to those of other tobamoviruses.
Nor homology would arise when the nucleotides in the ove lapping region encoded the MP C-terminus before th overlap evolved. In this scenario, the MP frame is ar cestral. Which overlap region ORF was the origin; frame was determined by two approaches. First, when new reading frame overlaps one with a character&j base composition in the third codon position, the cha acteristic composition will occur in the first or secon For the viruses TMV-Cg, TVCV, and Cr-TMV, mean codon-position-dependent base compositions were determined for the segments of the coat (~17) and movement (~30) protein genes that do not overlap one another and for the segment in which the two reading frames overlap. Error bars represent standard errors calculated assuming a Poisson distribution. codon positions of the new frame. Thus, codon-positiondependent base frequencies of a dually coding region can reveal which ORF the nucleotides originally encoded (Keese and Gibbs 1992) . To obtain a reference profile for base frequencies at each position when only one frame is used, nonoverlapping segments of the CP and MP ORFs were examined first. Base frequencies ( fig. 3 ) significantly lower than for both neighboring positions were found for A at position 3 and for G at position 2. The C frequency was significantly lower at position 1 than at position 2 and the U frequency was significantly lower at position 1 than at position 3. For the overlapping region, the frequencies of A and G were significantly lower at positions 3 and 2, respectively, of the CP but not MP codons than for both neighboring positions. The C frequency at position 1 was significantly less than at position 2 of CP but not MP codons. In contrast, the frequency of U at position 1 of the CP codons was significantly higher than at position 3, equivalent to position 1 of MP codons. The statistical analysis assumed that the three subgroup 3 sequences used (Chinese rape mosaic virus was omitted) were independent, an assumption that may be incorrect since divergence may have occurred considerably later than the evolution of the overlap. Recalculation of significance based on a single sequence revealed that all but the difference in G between positions 2 and 1 and the difference in U between positions 1 and 3 remained significant. The distributions of A, G, and C frequencies suggest that the CP frame was ancestral. Anomalous U frequencies are expected. To "open" an overlapping frame, termination codons (U in position 1) must be suppressed (Keese and Gibbs 1992) . Position 1 of MP codons is position 3 of CP codons and is the position whose U content is depressed relative to nonoverlapping segments of both genes ( fig. 3) .
To further test which frame was ancestral, fractional codon prevalences were obtained for each the overlapping and nonoverlapping segments of the coat and MP ORFs of both TVCV strains and of TMV-Cg. The root-mean-square deviations of fractional codon prevalences of the CP frame-overlap segment from those of nonoverlapping segments of either coat or MP ORFs were 0.3 1. The analogous values for the MP frame-overlap segment were higher: 0.42 for coat and 0.37 for MP nonoverlapping segments. Since the codon usage in the CP frame of the overlap segment was closer to that in nonoverlapping segments than was the usage in the MP frame, the CP frame is more likely to be the original ORF (Keese and Gibbs 1992) , a result consistent with that of the base composition analysis (fig. 3) . The results suggest that the anomalous variation in CP distances (table 2) is not due to the inclusion of nonhomologous positions in the analysis.
The overlap gene organization of subgroup 3 tobamoviruses may be a diagnostic characteristic of the crucifer-pathogenic tobamoviruses.
Use of the organization as a subgroup-defining characteristic requires that the large overlap be a derived characteristic, not present in the common ancestor to all tobamoviruses.
The ad-aptation of the 5' end of the CP coding region to code for part of the MP could have occurred prior to the divergence of the tobamoviruses, with a return to completely separate coding regions having occurred in some, but not other, tobamoviral lineages. We thus sought to distinguish between a model in which the large overlap was derived from a nonoverlapped or small-overlap ancestor and one in which the large overlap was ancestral, having been lost in all known lineages but the crucifer one.
These models must take into account the additional observation that the TMV genome, relative to those of subgroup 3, has 76 additional nucleotides in the C-terminal third of the MP ORF ( fig. 1) . If the tobamoviral ancestor had a short genome with the large frame overlap, the large dually coding segment must have duplicated in subgroup 1 and 2 lineages, the more 5 ' duplicate losing the ability to encode the CP N-terminus and the more 3' duplicate losing the ability to encode the MP C-terminus. If the ancestor had a long genome with little or no frame overlap, nucleotides encoding the subgroup 3 CP N-terminus must have evolved to also encode the MP C-terminus, with nucleotides originally encoding the MP C-terminus being deleted. The two scenarios have opposite effects on the constraints on sequence evolution. In the long-overlap-ancestral model, on duplication, the CP N-terminal coding regions are freed from one of the two negative selection pressures on the amino acid sequences. In the long-overlap-derived model, an additional selection pressure acts on the region encoding the CP N-terminus in subgroup 3: maintenance of an amino acid sequence consistent with the functioning of the MP C-terminus. A segment of a genome that in a subset of descendants experiences novel selection pressures might produce a different phylogenetic tree than a segment of the genome without subset-specific constraints. The short length of the overlap segment makes it impossible to generate a single most parsimonious tree with confidence. We thus adopted the strategy of analyzing trees generated by bootstrapped parsimony for the frequency with which each subgroup formed a cluster. To test whether meaningful analysis was possible, we analyzed the N-terminal 25 residues of the CP frame (table 3) . Consistent with the trees for longer amino acid sequences ( fig. 2) , each subgroup formed a cluster found in the consensus tree. Subgroup 1, the subgroup with the most operational taxonomic units and thus the most likely to produce anomalous clustering, formed a cluster in almost half of the bootstrapped trees. Amino acid sequences were predicted in the -1 frame from the 5'-most 77 CP gene nucleotides of each sequence. Termination codons in subgroups 1 and 2 were assigned as missing residues and the sequences were analyzed by bootstrapped parsimony.
Only subgroups 2 and 3 formed clusters in the consensus tree. Clustering of subgroup 1 occurred significantly less frequently (12% of the bootstrap trees) than it did using the 25 N-terminal residues of the CP frame, suggesting that the overlap coding region had experienced a special evolutionary constraint. d Sequences used were from TVCV, Cr-TMV, TMV-Cg, CGMMV, SHMV, PMMV, ToMV, TMV, TMV-Ob, ORSV, and TMGMV (see fig. 2 legend and footnote of table 1 for meaning of abbreviations and sources of sequences).
b The trees clustering subgroup 1 sequences in these bootstrap analyses did not appear in the consensus tree.
c Residues 78-156 of the coat protein gene.
To further test for a novel constraint, bootstrapped parsimony analyzed the relationships of the 77 nucleotides in the overlap and 77 adjacent nucleotides from the CP ORF (as control). In the consensus tree for the latter region, each subgroup formed a cluster. The least supported subgroup cluster was found in 66% of bootstrapped trees (table 3) . However, in the overlap region, this cluster was encountered significantly less frequently and did not contribute to the consensus tree. Thus, both at the amino acid and the nucleotide level, the expected clustering of subgroup sequences did not occur for overlap sequences, while expected clustering was observed for control regions of equivalent lengths. The significant deviation from expectation for the overlap region indicates that the evolution of the region differed from the evolution of other regions of the genome.
In the long-overlap-derived model, given that the CP frame was ancestral, the nucleotide sequences encoding the C-termini of subgroup 3 MPs should be nonhomologous to those encoding the C-termini of other MPs. In the long-overlap-ancestral model, these nucleotide sequences should be paralogous due to duplication. Reliable alignment of nucleotide sequences in this region was not possible. An alignment of the C-terminal 50 residues of MPs (overlap portion shown in fig. 4A ) was generated objectively by PILEUP (GCG, Madison, Wis.). The alignment of subgroup 1 relative to other sequences was sensitive to the conditions of analysis. Use of the C-terminal 40 residues in PILEUP, PILEUP analysis omitting the ultimate residue, and an alignment using gap translation (Melcher 1990 ) resulted in different alignments.
In contrast, the alignment of subgroup 2 with subgroup 3 did not change significantly with the different methods of analysis.
Significance scores for the C-terminal alignment ( fig. 4A ) of each subgroup with both of the others were determined. Consistent with the variability in alignment, subgroup 1 sequences were not significantly similar to either subgroup 2 or 3 sequences. The alignment of subgroup 2 with subgroup 3 sequences had a significance score (Melcher 1993 ) of 2.0. When CGMMV, which had two deletions in this region, was omitted, the score was 2.2. Similar scores were obtained when short distantly related sequences were compared similarly (data not shown). Thus the C-terminal sequences of subgroup 2 and subgroup 3 MPs may be similar.
Discussion
Molecular phylogenetic analysis ( fig. 2 ) supports the proposal (Oshima, Ohashi, and Umekawa 1974; Aguilar et al. 1996 ) that crucifer-pathogenic viruses form a separate subgroup of tobamoviruses.
These viruses clustered separately from subgroup 1 and 2 viruses in the CP and MP trees ( fig. 2A and B) . In the other three trees ( fig. 2C-E) separate clustering was also observed, but included the orchid-derived ORSV, which appears, as discussed below, to be a recombinant.
The coding organization at the CP-MP gene junction was a criterion separating subgroup 1 from subgroup 2 viruses (Fukuda et al. 1981) . We thus focused on the long overlap between subgroup 3 CP and MP ORFs as a possible diagnostic criterion for subgroup 3 membership, addressing whether it is a derived character rather than one present in a hypothetical tobamovirus ancestor. To address the evolutionary origin (ancestral or derived) of the long overlap, it was first necessary to determine which of the overlapping frames was the original frame and which was the overprinted frame. Analysis of codon-position-dependent base frequencies ( fig.  3 ) and codon frequencies suggested that the CP ORF Tobamoviral Evolution 1335 was ancestral. This finding was not surprising in light of the known functions of the C-terminus of the MP and the N-terminus of the CP, which suggest that the MP C-terminus is the more adaptable. It is highly variable in sequence among tobamoviruses, suggesting relaxed constraints on its evolution. In vitro constructed TMV mutants lacking the ability to code for the C-terminal 55 residues are nonetheless infectious and capable of moving from cell to cell (Berna et al. 1991) . In contrast, the N-terminal 25 residues of the CP include residues that make up the first of the four helices of the TMV capsid subunit (Namba, Pattanayek, and Stubbs 1989) . Since long-distance spread requires encapsidation (Siegel, Zaitlin, and Sehgal 1962; Dawson, Bubrick, and Grantham 1988) , mutations in the critical CP regions would be selected against.
The long-overlap-derived model appears to be contradicted by the sequence similarity between the C-terminal amino acid sequences of subgroup 2 and 3 MPs. In the long-overlap-ancestral model, this sequence stretch should be homologous among subgroups due to paralogy. In the long-overlap-derived model, subgroup 3 MP stretches are nonhomologous to the others. That the MP C-termini of subgroup 3 were weakly similar (and thus possibly homologous) to those of subgroup 2 appears to favor the long-overlap-ancestral model and, thus, be inconsistent with the long-overlap-derived model. An alternate possibility is that the similarity is due not to homology but to convergence, as a result of constraints on the sequence to function efficiently as part of an MI? In this case, nonhomologous nucleotides encode similar amino acid sequences, indicating that convergent sequence evolution (Doolittle 1994 ) may have occurred.
A derived status for the long overlap was supported by phylogenetic analyses of overlap and nonoverlap regions. In the long-overlap ancestral model, no strong negative selection would be imposed on the previously overlapping frame following its duplication. Trees for the stretch of homologous nucleotides encoding the N-terminal 25 amino acids of tobamoviral CPs were inconsistent with the relationships deduced from other regions, including the CP amino acid sequence and the immediately adjacent stretch of nucleotides. Although the inconsistencies were detected as a failure of subgroup 1 to cluster in consensus trees, this does not signify a novel constraint on subgroup 1. The nonclustering of subgroup 1 more likely is due to the larger number of operational taxonomic units in this subgroup. The inconsistencies suggest that the region encoding the N-terminus of the CPs experienced a novel constraint during evolution of some, but not all, tobamoviruses.
That constraint likely is function of the region as coding sequence for the MP C-terminus of subgroup 3 tobamoviruses.
Favoring the model that the long overlap organization was ancestral is the generally accepted idea that the stability of RNA virus genomes to lethal mutations is dependent on RNA length (Holland, De La Torre, and Steinhauer 1992) . Longer viral RNAs have a higher probability of acquiring lethal mutations than shorter RNAs. Thus, duplication of a genome fragment (required in the long-overlap-ancestral model), lengthening the RNA, would increase the likelihood of inactivating mutations. Deletion of a fragment (required in the longoverlap-derived model) would improve the survival of the RNA. Thus, the subgroup 3 overlap probably was derived from a subgroup l-or 2-like organization and is thus likely to be specific to this lineage and not present in other yet-to-be-characterized lineages. The deletion event that accompanied the overprinting of the CP gene with the C-terminus of the MP gene must have arisen by nonhomologous recombination. The nucleotide sequences of present-day tobamoviruses have diverged too far from that of the ancestor that underwent the deletion to determine which of several possible mechanisms of nonhomologous recombination (Bujarski, Nagy, and Flasinski 1994) was responsible for the event.
Homologous recombination has played a role in tobamovirus evolution. The different placements of ORSV on the five trees for different regions of the genome ( fig.  2 ) suggest that the immediate ancestor to ORSV must have derived by recombination between a subgroup 3 tobamovirus which donated the 5' portion of the genome and a subgroup 1 tobamovirus which donated the 3' end of the genome, beginning at the MP gene. Anomalies in the similarities of different ORSV gene regions to various subgroup 1 and 2 viruses have been noted previously (Ryu and Park 1995) . Consistent with the hypothesized recombination event, ORSV regions evolved at rates significantly different from those of other tobamoviral genomes (table 2). The chimeric tobamovirus resulting from recombination was probably less fit than its parents due to intragenomic and interpeptide incompatibilities. Evolution of a fit ORSV ancestor probably required the 5 ' part of the genome to adapt (accelerated rate) to compatibility with the 3' portion (decreased rate). Tobamoviruses chimeric between subgroups 3 and 1 have been constructed in the laboratory and found to be infectious (unpublished data). The in vitro constructed chimeras had junctions between the RdRP and MP domains, as ORSV appears to have. They produce about lo-fold less virus than the parents, suggesting that adaptation is needed to evolve an optimally fit chimera. Thus, the behavior of these chimeras is consistent with the path proposed for the evolution of ORSV.
Two other anomalies in branching patterns were detected and may reflect more ancient recombination events. TMGMV in the middle of its genome (the He1 and RdRP regions) branched with subgroup 3. Since, in the RdRP region, this inconsistent branching was seen only with neighbor-joining analysis and since, in the He1 region, bootstrap support was only moderate (62%), we cannot be certain that TMGMV was also derived from an intersubgroup recombinant. The placement of TMV-Ob with subgroup 2 viruses in the RdRP domain is less certain, being detected only in simple parsimony and receiving support from only 38% of the bootstrapped trees.
Although recombination between a tymovirus and a tobamovirus has been suggested to play a role in the evolution of SHMV (Meshi et al. 1981) , recombination between tobamoviral genomes under natural circumstances had been thought to be rare and unlikely to have played a major role in tobamoviral evolution (Lartey, Lane, and Melcher 1994; Fraile, Aranda, and GarciaArena1 1995) . We have here identified at least one major recombination event in tobamovirus evolution. The detection of recombination in tobamovirus evolution adds to a growing body of evidence that recombination can and has occurred in all viral families. That recombination can and has occurred in virus evolution must be considered in biotechnological strategies, such as protecting plants against viral disease by incorporating parts of the viral genomes in the host chromosomes.
Recombination events complicate classification of viruses. ORSV had been classified as subgroup 1 based on knowledge of its MP and CP gene sequences. Subsequent sequencing of the remainder (Ryu and Park 1995) revealed (fig. 2) that most of the ORSV genome actually belongs in subgroup 3. If ORSV is classified based on the phylogenetic positions of its RdRP (Koonin 1991) , ORSV would be in subgroup 3. Yet detection, analysis, and characterization of viruses usually targets the capsid protein. The solution to this conflict may be to not classify ORSV except as a recombinant.
With the exception of the recombination-derived ORSV, the tobamovirus lineages analyzed to date are plant-family specific. Viruses isolated from solanaceous hosts cluster together, as do viruses isolated from cruciferous hosts. Though only single sequences are available from tobamoviruses infecting leguminous and cucurbit host plants, the number of solanaceous and cruciferous isolates analyzed makes it likely that tobamovirus phylogeny will have plant-family lineage specificity. On the other hand, phylogenetic clustering of viruses according to species of isolation does not appear to occur. This may be due, in part, to the uncertainty of whether each virus has a single "natural" host and whether that species is the one from which the virus was first isolated. RMV, clearly pathogenic to crucifers and closely related to viruses isolated from crucifers, was nevertheless first isolated from noncrucifer plantains (Plantago).
Three mechanisms could explain plant-family lineage specificity. In the first, tobamoviruses first arose in an established plant lineage. On rare occasions, one of them jumped to infect plants of another plant lineage. Success in the new species required minimal adaptation. In the second, a tobamovirus was present in the ancestor to plant lineages presently harboring tobamoviruses. In this scenario, tobamoviruses would have codiverged along with their host plants. In the third, tobamoviruses frequently jumped families, but their competitive survival in the new host required extensive adaptation to the microenvironment of the new host (Fraile, Aranda, and Garcia-Arena1 1995) . Experimental results suggest that the third scenario is unlikely.
Crucifer-pathogenic tobamoviruses have been propagated in solanaceous hosts and undergone little, if any, sequence change. They compete well with their solanaceous plant-derived relatives. Chimeras beTobamoviral Evolution 1337 tween subgroup 1 and 3 viruses are only slightly less fit than their parents, implying that no great adaptation is needed (unpublished data). Accelerated sequence changes occurred in the recombination-derived ancestor to ORSV, but the changes only modestly altered the distance between ORSV and SHMV. Populus bushy top virus (Palukaitis et al. 1981) and Dihuang decline virus which infect nonsolanaceous plants, although they have not yet been sequenced, are clearly members of subgroup 1 based on nucleic acid hybridization.
Sammon's Opuntia virus has also been placed in subgroup 1 (Gibbs et al. 1982 ) based on comparison of CP amino acid compositions. Amino acid compositions also suggest that tomato stripe necrosis virus from a solanaceous plant belongs to subgroup 3 (Gibbs et al. 1982) . Thus, the family of the host plant does not play a major role in driving tobamoviral sequence evolution.
An origin of tobamoviruses in one plant lineage followed by rare jumping to other lineages predicts that sequence diversity among tobamoviruses of each lineage should vary. The subgroup 3 viruses are less diverse than the solanaceous subgroup 1 viruses. However, the apparent difference in diversity may be due to the small number of subgroup 3 viruses that have been sampled. If the model is correct, then the phylogenetic relationships of the tobamoviruses should bear no relation to those of the plant lineages that are their hosts. On the other hand, if the second model (codivergence) is correct, the topologies of tobamoviral trees and host trees should be congruent. The most parsimonious tree relating ribulose bisphosphate carboxylase large-subunit sequences (Rice, Donoghue, and Olmstead, http:// www.cis.upenn.edu/-krice/index.html) is congruent with the relationships of solanaceous, crucifer, cucurbit and legume viruses deduced here. However, the root of the virus tree (Fraile, Aranda, and Garcia-Arena1 1995) is probably near the divergence of cucurbit and legume viruses and distant from the divergence of crucifer and solanaceous viruses. The root on the rubisco tree is on the solanaceous branch, though all nodes are close together. Thus, the scenario most consistent with the available data is a mixture of models. Codivergence of virus with host may have occurred for solanaceous, cucurbit, and legume viruses, but the cruciferous viruses probably arose by jumping from a virus of the solanaceous lineage.
